Aims. We report on the results of an 8-year survey carried out at the La Silla Observatory with the HARPS spectrograph to detect and characterize planets in the super-Earth and Neptune mass regime. Methods. The size of our star sample and the precision achieved with HARPS have allowed the detection of a sufficiently large number of low-mass planets to study the statistical properties of their orbital elements, the correlation of the host-star metallicity with the planet masses, as well as the occurrence rate of planetary systems around solar-type stars. Results. A robust estimate of the frequency of systems shows that more than 50% of solar-type stars harbor at least one planet of any mass and with period up to 100 days. Different properties are observed for the population of planets less massive than about 30 M ⊕ compared to the population of gaseous giant planets. The mass distribution of Super-Earths and Neptune-mass planets (SEN) is strongly increasing between 30 and 15 M ⊕ . The SEN occurence rate does not exhibit a preference for metal rich stars. Most of the SEN planets belong to multi-planetary systems. The orbital eccentricities of the SEN planets seems limited to 0.45. At the opposite, the occurence rate of gaseous giant planets is growing with the logarithm of the period, and is strongly increasing with the host-star metallicity. About 14 % of solar-type stars have a planetary companion more massive than 50 M ⊕ on an orbit with a period shorter than 10 years. Orbital eccentricities of giant planets are observed up to 0.9 and beyond. Conclusions. The precision of HARPS-type spectrographs opens the possibility to detect planets in the habitable zone of solar-type stars. Identification of a significant number of super-Earths orbiting solar-type of the Sun vicinity is achieved by Doppler spectroscopy. 41 newly discovered planets with HARPS are announced in the Appendix of this paper, among which 16 Super-Earths.
Super-Earths and Neptune-mass planets around solar-type stars
Thanks to the increasing sensitivity of instruments optimized for the measurement of stellar radial velocities, planets with masses smaller than 2 M ⊕ have been detected. Over the past few years an impressive progress has been made for the detection of closein super-Earths (planets with masses between 1 and 10 M ⊕ ) and Neptune-mass planets. At present, the number of low-mass planets discovered is sufficient to study the statistical properties of Send offprint requests to: M.
Mayor, e-mail: Michel.Mayor@unige.ch Based on observations made with the HARPS instrument on ESO's 3.6 m telescope at the La Silla Observatory in the frame of the HARPS-GTO Program ID 072.C-0488, the large program for the search of planets around solar-type stars ID 183.C-0972 and the HARPS-Upgrade this rich sub-population and to estimate their occurrence frequency around solar-type stars.
The first hint to low-mass planets orbiting solar-type stars on tight orbits was provided by the discoveries of the short period companions hosted by 55 Cnc (McArthur et al. 2004 ) and µ Ara (Santos et al. 2004a) . Both discoveries were the result of intensive and special-interest Doppler monitoring: the study of the complex dynamics for the first system and an asteroseismology campaign for the second. Orbital solutions and masses for these two low-mass planets have been subsequently revised as more measurements were gathered and new approaches applied for the data analysis. For 55 Cnc e, Dawson & Fabrycky (2010) analyzed the impact of observation aliases on the solution determination and proposed a revised value for the period passing from 2.7 down to P = 0.736 days corresponding to a new minimum mass m 2 sin i = 8.3 M ⊕ ) for the planet. In the case of µ Ara Pepe et al. (2007) revised the mass of the planet at P = 9.6 days to m 2 sin i = 10.5 M ⊕ in the context of a new orbital solution implying a total of four planets. These first detections induced important changes in our observing strategy, leading now to the discovery of a wealth of low-mass planets with short orbital periods. Measurements were made long enough to diminish the stellar acoustic noise, as well as series of measurements over consecutive nights to lower granulation noise, were the key for demonstrating the existence of an extremely rich population of low-mass planets on tight orbits, these planets being frequently members of multi-planetary systems. In this context, a few landmark contributions of HARPS to the field can be recalled: -In 2006, the discovery of three Neptune-mass planets hosted by HD 69830 (Lovis et al. 2006) , an interesting K star surrounded by a prominent disk of dust. -In 2009, the discovery of a planetary system with three super Earths orbiting HD 40307 (Mayor et al. 2009b ). -In 2011, the characterization of a system with 7 planets on tightly-packed orbits around HD 10180 . This is the planetary system with the largest number of planets known so far, with the exception of our own Solar System. -After 4 years of the HARPS survey , the number of low-mass planets detected was large enough to allow for a preliminary analysis of the statistical properties of this specific population (Udry & Santos 2007; Mayor & Udry 2008) . The mass distribution of small-mass planets was found to be rising towards smaller masses down to 10 M ⊕ , where the measurements start to be dominated by detection limits. A bi-modal mass distribution is observed for lowmass planets and giants. Concerning the planet-star separation, the pile-up around 3 days observed for hot Jupiters was not observed for the low-mass population (Udry & Santos 2007) . Already with the very first detections of low-mass planets, it appeared that these planets were hosted by stars without overabundance of metals (Udry et al. 2006) , in heavy contrast with the strong correlation between host-star metallicity and occurrence frequency observed for gaseous giants (Santos et al. 2001 (Santos et al. , 2004b Fischer & Valenti 2005) . This specific point was revisited and strengthened by Sousa et al. (2008) who carried out a homogenous metallicity determination of the HARPS sample stars. -A first estimate of the occurrence rate of low-mass planets (e.g. below 30 M ⊕ , with periods shorter than 50 days) was proposed by Lovis et al. (2009) . The estimated frequency was ∼ 30 %. Note that, based on the η Earth project carried out at Keck, a significantly lower estimate for the occurrence rate of low-mass planets was proposed by Howard et al. (2010) . Their estimate was of ∼ 18 % for planets between 3 and 30 M ⊕ and periods shorter than 50 days. Their analysis included a correction for detection biases.
Recently, the Kepler space mission contributed to significantly to our knowledge of low-mass planet properties by publishing a list of 1235 transit detections of small-size planet candidates (Borucki et al. 2011) . In addition to the confirmation of the existence of the rich population of low-mass planets on tight orbits, a fantastic result of the mission resides in the high frequency of multi-transiting systems in extremely co-planar configurations. As for the HARPS survey, the deduce that a large number of stars host several planets. A stunning example of such systems is given by the 6 transiting planets around Kepler-11 (Lissauer et al. 2011 ).
The present study mainly discusses the properties of the population of low-mass planets hosted by solar-type stars. We note, however, that this sub-population also exists around M stars, as illustrated for example by the four-planet system around GJ 581 1 (Bonfils et al. 2005; Mayor et al. 2009a; . For a discussion of the HARPS companion subprogram devoted to M stars we refer to .
The HARPS and CORALIE surveys used in the present study are described in Sect. 2, with a discussion of the stellar samples, the corresponding radial-velocity precision, and the correction of the detection biases. The planetary systems at the basis of our discussion will be presented in Sect. 3 and the derived distributions of planetary masses, periods, and eccentricities in Sect. 4. The emphasis of this study is on the results obtained for the population of super-Earths and Neptune-mass planets. However, combining our HARPS data with results of the CORALIE planet-search program allows us to derive statistical distributions for the whole domain of planetary masses, from less than two Earth masses up to the most massive giant planets. This approach will in particular allow us to compare the derived statistical properties as a function of planetary mass. Clearly, with the radial-velocity technique, the detection of lowmass planets on longer periods is strongly affected by detection biases. These detection biases have been carefully modeled and corrected. This bias correction is of great importance when we estimate the occurrence of planets as a function of mass and period. This two-variable distribution is one of the most direct way to compare observations and Monte-Carlo based planet population synthesis as e.g. developed by Ida & Lin (2004 , 2008a or Mordasini et al. (2009b,a) . The physics of planetary formation dependents on the metallicity of the accretion disk. The large number of super-Earths and Neptune-mass planets discovered in our survey provides a unique sample to derive the distribution of the host-star metallicity as a function of planet masses (Sect. 5). One of the most important goals of the field is certainly the estimation of the number of Earth-type planets lying in the habitable zone of solar-type stars. Still more important would be the preparation of a list of stars with such planets at short distance to the Sun, preparing for follow-up studies aiming at detecting life signatures on those planets. High-precision Doppler surveys will contribute to the build up of such an "input catalogue" (see Sect. 6).
The HARPS and CORALIE planet-search programmes
2.1. Stellar samples 2.1.1. The CORALIE survey
A volume-limited radial-velocity survey is going on since 1998 with the CORALIE spectrograph, located at the Nasmyth focus of the 1.2-m EULER Swiss telescope at La the Silla Observatory. CORALIE is a twin of the ELODIE spectrograph (Baranne et al. 1996) running in the past at the Haute-Provence Observatory, and having allowed the discovery of 51 Peg b (Mayor & Queloz 1995) . In spite of the small telescope size, this instrument has a significant share of exoplanet discoveries. The volume-limited survey includes some 1650 stars of the southern sky. The limit distance for the stars in the sample is depending on the stel-1 Vogt et al. (2010) announced the detection of 2 additional planets in the Gl 581 system, with periods of 36.6 and 433 days, based on the analysis of the 119 published HARPS radial velocities (Mayor et al. 2009a ) and 122 Keck HIRES measurements. With a final set of 240 high-precision HARPS measurements, are now able to rule out the existence of the claimed 2 additional planets in the system. lar spectral type: it has been set at 50 parsecs for the F and G dwarfs, and linearly decreasing between K0 and M0, in order to keep a reasonable exposure time to reach a given precision (Udry et al. 2000) . During the first ten years of observations, between 1998 and 2008, the typical precision of CORALIE radialvelocity measurements was about 5 ms −1 . In 2008, an upgrade of the spectrograph allowed for an improvement of its efficiency and precision. The goal of the CORALIE survey is to get, for an unbiased volume-limited sample, properties of substellar companions of solar-type stars, from sub-Saturn mass giant planets up to the binary star regime. Some interesting results have already been obtained from this material as e.g. the correlation between host star-metallicity and occurrence frequency of giant planets (Santos et al. 2001 (Santos et al. , 2004b , or a better definition of the location of the brown-dwarf desert, and hence of the observed maximum mass of giant planetary companions at intermediated periods (Sahlmann et al. 2010 ).
The HARPS survey
The HARPS instrument is a high-resolution spectrograph optimized for precise radial-velocity measurements, and specially developed for exoplanet search programs . Temperature and pressure are controlled in a vacuum tank located in a thermal enclosure, the instrument is located in the gravity invariant Coudé room and is fed with optical fibers issued from the Cassegrain adapter at the telescope. Thanks to its extreme thermal stability and the stable illumination of the optics provided by optical fibers (including a double-scrambling device), an instrumental precision better than 1 ms −1 is routinely achieved (Pepe & Lovis 2008) . Both instruments (CORALIE and HARPS) are determining radial velocities by using the socalled cross-correlation technique (Baranne et al. 1996) between the extracted and calibrated high-resolution spectra and a binary (0,1) template. The combination of the instrument and the technique is very efficient. For illustration, HARPS on the 3.6-m telescope reaches, on a 7.5 magnitude star, a precision of 1 ms −1 in only one minute. The dispersion relation for the orders of the stellar spectra on the CCD are determined by using a thoriumargon calibration lamp. A second parallel optical fiber is used for a simultaneous measurement of the calibration lamp during science exposures, monitoring thus potential drifts of the spectrograph during the night, and allowing subsequently for a correction of this drift if necessary. However, the nightly drift is typically much smaller than 1 ms −1 in HARPS. As a return for the construction of the instrument, 500 nights of guaranteed-time observations (GTO) have been granted by ESO to the HARPS scientific consortium in order to conduct a comprehensive search for exoplanets in the southern sky. As part of the different sub-programs carried out within the GTO since October 2003, a fraction of 50 % of the GTO time has been dedicated to the exploration of the domain of very-low mass planets around solar-type stars (from late-F to late-K dwarfs), a domain of masses which did not yet present any detections in 2003. This program proved to be extremely successful and, after the end of the allocated GTO observing time (PI: M.Mayor) in April 2009, it has been continued as an ESO Large Program (PI: S. Udry). The targets followed at high-precision with HARPS have been selected as a subsample of the CORALIE volume-limited sample, with additional constraints however: F and G stars with chromospheric activity index larger than log R HK = −4.75 (or larger than −4.70 for K stars) or high-rotation star have been rejected, as well as binaries. We were finally left with a sample of 376 supposedly non-active stars.
An additional exploratory program aiming at finding still smaller-mass planets around a small sub-sample of 10 stars in the GTO high-precision survey by applying a more demanding observing strategy to average the perturbing effects of stellar intrinsic phenomena (pulsations, granulation, activity) on the radial-velocity measurements (Dumusque et al. 2011b ) is also being carried out on HARPS (PI: F.Pepe). This program has already demonstrated the capability of HARPS to detect smalleramplitude planets (Pepe et al. 2011) as, e.g., a planet with radialvelocity amplitude as small as 0.56 ms −1 and a planet in the habitable zone of a K dwarf (see also Sect. 6).
The statistical results presented in the following are derived from the combined available data from these programs as per July 2011. Altogether the analyzed data are based on more than 450 observing nights with the HARPS spectrograph .
A volume-limited sample for the analysis
As the data are delivered by two (or three, if we consider the Coralie Upgrade as a new instrument) different instruments with measurements of different precisions, as well as of different observation time spans and strategies, we adopted a statistical treatment taking into account these various constraints and allowing us to use in an optimum way the information content of each of the surveys. The CORALIE survey, with its more modest radialvelocity precision but longer duration, mostly provides information about gaseous giant planets with orbital periods covering a long time interval from below 1 day to more than 12 years. The HARPS survey, on the other hand, provides a very deep insight into the domain of Super-Earths and Neptune-type planets up to periods of about 100 days. To avoid as much as possible differential biases between the 2 samples, the CORALIE sample used in the analysis has been re-defined following the same criteria for non-active star selection as for the HARPS sample. As stellar activity does not a priori correlates with distance to the Sun, the sample keeps its statistically well-defined characteristic. Finally, the global sample for the statistical analysis includes 822 non-active stars allowing to estimate detection limits, observational biases, and correct for them in a large domain in the m 2 sin i − log P plane. The HR-diagram of the final sample is shown in Fig. 1. 
Detection limits
Since every star in the statistical sample has a different observing history, we computed, as a function of period, the maximum planet mass of a potential planet which still compatible with the RV measurements of this same star. For each star (with or without a detected planet candidate) the so computed detection limit determines if it usefully constrains the distribution at a given mass and period. Several authors (Cummings & Deliyannis 2007; Zechmeister et al. 2009; Howard et al. 2010; ) have presented statistical analysis of their planet-search program and discussed methods for finding unbiased distributions consistent with a set of detections. They all assume circular orbits to estimate the upper limits on the amplitude. We also adopt this safer approach to avoid problems in case of inadequate phase coverage. Moreover, Endl et al. (2002) have shown that the detectability is only slightly affected by this hypothesis for eccentricities below e = 0.5. The originality of our method is to combine for each star up to three data sets from the HARPS and CORALIE spectrographs 2 . In order to constrain the radial velocity zero point, times series with at least four points on each instrument are combined. If the star is known to host a planetary system, the velocity offset is left as a free parameter of the fitting process. Otherwise a χ 2 test is used to determine if a linear trend represents a significant improvement compared to the constant model. After combining the data sets and removing the identified planetary signals, the stellar activity correlation is removed using the relation with the log R HK described in Lovis et al. (2011a) . We obtain this way a single set of residuals per star which has been cleaned from detected planetary signatures, identified activity cycles and instrumental offsets. A search for a residual excess of periodic variability is then carried for every star.
We followed the procedure described in Zechmeister et al. (2009) : We used the generalized Lomb-Scargle (GLS) periodogram to explore FAP level above 10 −3 over 5000 bootstrap randomization of the data set. Whenever a possible periodicity in the RV data is unveiled at an FAP of 1%, a careful search for correlation with stellar parameters (log R HK , FWHM, line bisector) is carried on. If the signal doesn't seem to be related to the stellar activity, we use its period as a guess for a Keplerian fit with Yorbit . If no credible orbit can be found or if a correlation with stellar jitter is suspected, the signal is removed by fitting a sine wave. Otherwise, the planet orbit is subtracted and the signal flagged as possible planetary candidate to be analyzed further. The whole procedure is re-applied on the so-obtained new residuals until no more significant signal can be found. It must be note that planet candidates found during this procedure (a total of 6) are considered for the statistical study but are non listed in the table of detected planets (see Table 3 ).
After this operation we are able to derive for every star the period-mass limit above which we can exclude or detect a planet. As all the significant signals where removed from the time series, the residuals can be considered as pure noise. On these residuals we first apply the GLS on 5000 bootstrap randomizations of the data set to determine a power threshold corresponding to 1% FAP. The presence of a planet at the trial period P is then mimicked by adding a sine wave to the data. The calendar of measurements remains unaffected. The planet is considered to be detected if the power in the GLS periodogram at the period P (or at its 1 day alias) is greater than the threshold. Using the corresponding sine wave amplitude and the stellar mass, we can deduce the mass corresponding to a 99% detection limit. Due to the imperfect sampling of the measurements, the detection limit depends in practice on the phase of the signal. Therefore we compute the detection limits over 20 equidistant phases between 0 and 1 and treat them as 20 different stars. This solution provides a simple way of 'averaging' over phases with variable detection limits.
Completeness of the survey and planetary rate
The global efficiency of the survey, as represented in Fig.5 and 7, is deduced from the upper mass envelope of the independent limits of the sample. For example, the 20% line represents the limit below which only 20% of the stars have a 99% detection. Such a diagram displays the fraction C(m sin i, P) of stars with sufficient measurements to detect or exclude a planet at a given period and mass. In other terms it tells us what is the subsample of stars useful to estimate the planetary rate in any mass-period region and how many planetary companions were potentially missed due to insufficient constraints provided by the observations. In order to determine and compare the planetary occurrence rate in different regions of the diagram, we assign an effective number N i, j = 1/C(msini, P) for each detected planet i around the star j. The planetary rate is then simply given by f pl = 1 N * i N i, j where N * is the total number of stars in the sample. The sum is calculated over every detected planet i in a given mass-period domain. Computing the occurrence of planetary systems is similar, using f syst = 1 N * j N max, j , except for the sum which is calculated on every host star j accounting only for the companion with the largest effective number N i, j in the trial domain.
Planetary systems in the combined sample
155 planets belonging to 102 planetary systems have been identified among the stars in our combined sample. More than two third of these planets have been discovered by the CORALIE and HARPS surveys. HARPS or CORALIE orbits also exist for most of the planets in our sample which were discovered in the frame of other programs. The list of the 102 planetary systems with orbital parameters and references to the discovery papers is provided in Table 3 . The characteristics of the newly discovered planets and planetary systems included in the statistical analysis are furthermore presented in the appendix of this paper. The detailed analysis of these systems will be presented however in the papers referred to in Table 3 . For the statistical analysis, the 6 additional 'planetary candidates' issued from the computation of the detection limits have been included.
A key parameter for the statistical discussion of low-mass planets is the global efficiency of the Doppler measurements in a given survey. This efficiency includes the precision of the spectrograph, sample star characteristics, and the observing strategy (including measurement frequency, exposure time long enough to diminish the different intrinsic stellar noises, and photon noise). In Fig. 2 , we plot the representative points of the radialvelocity semi-amplitudes K as a function of the logarithm of the period log P for all super-Earths orbiting solar-type stars. Planets detected in the frame of other surveys are identified by red symbols and those of our surveys by blue dots. This plot is a straightforward illustration of the contribution of HARPS in this field. The number of the newly detected super-Earths is impressive, as well as the very small amplitudes presently detected by the instrument. This diagram shows how important the measurement precision turns out to be for the correct estimation of the occurrence of low-mass planets, which may be strongly biased if the low-mass planet detections delivered by HARPS were lacking. Figure 3 presents the radial-velocity raw dispersion measured on the HARPS targets (only the histogram of rms less than 10 ms −1 is displayed). Superimposed, we have also illustrated the histogram of the rms for stars with detected planetary systems. We should note that some planetary systems are detected around stars having quite modest raw radial-velocity scatter, in some cases smaller than 2 ms −1 . Once again, the importance of the measurement precision turns out to be of fundamental importance when exploring the domain of super-Earth masses. After fitting planetary orbit(s) to our set of measurements we derive the residuals around the orbital solutions (O − C). These residuals include all potential sources of noise, as instrumental errors, photon noise, stellar intrinsic noise (acoustic oscillation, granulation, activity, magnetic cycle), as well as still undetected smallmass planets. Magnetic cycles, analogues to the Sun's 11-year cycle, can furthermore induce variations of the radial velocities over several years and amplitudes up to 10 ms −1 ). This effect is observed also for some stars with rather low activity level. Conveniently however, several spectral signatures (log R HK , width of the cross-correlation function (CCF) or spectral line and CCF bisectors) can and must be used to identify magnetic cycles and correct for their influences on the velocities Dumusque et al. 2011a ). These spectral signatures can also be used to test velocity variations on shorter time scales (days or weeks) to detect the possible influence of spots or other anisotropic features on the stellar surface. These diagnostics are of particular importance when searching for lowamplitude velocity variations, typical of low-mass planets. All these tests have been applied to the HARPS and CORALIE planet-host stars and are described in the corresponding discovery papers. The histogram of the O − C (Fig. 4 for the HARPS planetary systems is certainly the most significant estimation of the global precision of the program. The mode of the O − C distribution lies at 1.4 ms −1 but many planetary systems show O−C smaller than 1 ms −1 even with a large number of measurements spanning several years of observations.
Statistical analysis of the sample

The mass-period distribution
The (m 2 sin i, log P) diagram for the planetary systems and candidates detected in our survey is displayed in Fig. 5 . Fig. 6 illustrates the same information, including lines of detection probability at various levels of completeness for the global sample. Several remarks can be made:
-Objects with masses of about 1 ms −1 at very short period, and about 5 ms −1 at one year define a lower envelope of the displayed planets. The planets at this lower envelope are located in a region of very low-detection probability. The discovery of 9 planets close to the 2 % detection probability line was only possible thanks to an extremely large number of radialvelocity measurements of these stars. The detection of these planets is already a strong hint to the high occurrence rate of low-mass super-Earths. -The density of massive super-Earths seems to exhibit a "mass-period" relation. The extremum of the density appears to drift from about 6 M ⊕ at 10 days to more than 10 M ⊕ at 100 days. We do not believe that observation biases can explain the upper envelope of this feature relation, since heavy planets at sorter periods would be detected more easily (as indicated by the detection limits). Given the fact that the lowmass planets are all issued from the HARPS sample, it is interesting to consider the detection limits achieved for the 376 HARPS-stars only measured. The (m 2 sin i, log P) distribution for the HARPS subsample only is displayed on Fig. 7 . We note that the average detection probability of a Neptunemass planet with a period of 100 days is still 60 %. The strongly decreasing density of super-Earths and Neptunemass planets (almost coincident with the red line corresponding to a detection of 60 percent) seems to be a highly significant feature. -We do not have Neptune-mass planets (and objects up to 50 M ⊕ ) with periods larger than about 1000 days, despite the still non-neglectable detection probability in that domain of mass-period. For the moment this feature is not clearly understood. It could be the result of a detection bias related to the lack of measurements done for these low-amplitude and long-period objects, or simply due to the paucity of such planets beyond 1 or 2 AU. For the moment we do not consider this feature as being significant. -An "upper mass-log P" relation is observed in the diagram, as already pointed out in (Udry et al. 2003) . The diagram suggests that the upper mass for jovian planets on short periods (10 days) is close to one Jupiter and rises to 15 Jupiter masses at orbital periods of 10 years. -Not only the upper mass of planets is period dependent but the frequency of gaseous giant planets is strongly increasing with the logarithm of the orbital period, a feature already noticed in several giant planet searches (Marcy et al. 2005; Udry & Santos 2007) . Figure 8 illustrates the histogram of the masses of planets with m 2 sin i > 50 M ⊕ as a a function of orbital period. The observed distribution (continuous black line) as well as the bias-corrected distribution (dashed red line) illustrate the rising occurrence of gaseous planets with orbital periods. Setting the low-mass limit of the considered subsample to 100 M ⊕ does not change the general shape of the distribution.
Occurrence rate of planets as a function of planetary masses
The estimation of the frequency of stars with a planet in a specific domain of the m 2 sin i − log P parameter space requires the correction of observations from the detection incompleteness. Actually as explained in Sect. 2.1.4, it is more taking into account the incompleteness determination in our occurrence estimate. In the case we consider a large zone in the m 2 sin i − log P plane, the presence of multi-planetary systems in the zone makes this operation ambiguous. For those systems, we have adopted the correction associated with the planet the most difficult to detect, as its higher statistical weight dominates the area. We present in Table 1 the occurrence rate for different domains of masses and periods. We do not try to do any extrapolation of our 
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[days] Fig. 6 . Same as Fig. 5 with detection probability curves superimposed. These detection probabilities are valid for the whole sample of 822 stars. After correcting for the detection bias, the fraction of stars with at least one planet more massive than 50 M ⊕ and with a period smaller than 10 years is estimated to be 14 ± 2 %. The red points represent the planets which have been used to compute the corrected occurrence rate in the box indicated by the dashed line. The planets lying outside the box or being part of a system already taken into account are excluded; they are shown in black.
to the habitable zone around the stars as being of no significance the time being. This is also true for the distribution towards very low masses, at any given period. An exponential extrapolation of the mass distribution towards very low mass planets is not justified if, for instance, a third, distinct population of Earth-mass planets is supposed, as suggested by Monte-Carlo simulations of planet population synthesis based on the core-accretion scenario (e.g. Mordasini et al. 2009b,a) . Based on the η-Earth survey carried out at Keck observatory, Howard et al. (2010) have derived an estimate of the occurrence rate of low-mass planets on tight orbits (≤ 50 days) as well as their mass distribution. The comparison of our results in the same range of parameter space with the eta-Earth estimate is given in Table 2 . The results are also shown graphically in Fig. 9 , where the occurrence rate is indicated for the boxes defined by Howard et al. (2010) . As a result of our much larger stellar sample, but also due to the better sensitivity of HARPS with regard to low-mass planets, the number of detected planets is significantly larger than the one issued from the Keck survey. This is specifically important for super-Earths and Neptunemass planets (see Fig. 2 . Our estimate for the occurrence rate of planetary systems is stunningly large. Table 1 lists the estimation of the frequency of planetary systems for different part of the m 2 sin i − log P plane. We should emphasize for example that 75 % of solar type stars have a planet with a period smaller than 10 years. This result is limited to the domain of detectable planets, and does not involve extrapolations out of that domain. Another interesting result is obtained for the low-mass planets on tight orbits: about half of solar-type stars is an host of this type of planets. Despite the significant size of our sample of 822 stars, the number of hot Jupiters is quite small (5 planets with P < 11 days). The estimated frequency, 0.9 ± 0.4% is compatible with previous estimates. (For a more complete discussion of the CORALIE-alone sample we refer to Marmier et al. (in prep) . We know that the mass distribution of planets hosted by G dwarfs is different from its equivalent for planets hosted by M dwarfs Table 1 . Occurrence frequency of stars with at least one planet in the defined region. The results for various regions of the m 2 sin i − log P plane are given.
Mass limits Period limit Planetary rate based on
Planetary rate Comments published planets including candidates > 50 M ⊕ < 10 years 13.9 ± 1.7 % 13.9 ± 1.7 % Gaseous giant planets > 100 M ⊕ < 10 years 9.7 ± 1.3 % 9.7 ± 1.3 % Gaseous giant planets > 50 M ⊕ < 11 days 0.89 ± 0.36 % 0.89 ± 0.36 % Hot gaseous giant planets Any masses < 10 years 65.2 ± 6.6 % 75.1 ± 7.4 % All "detectable" planets with P < 10 years Any masses < 100 days 50.6 ± 7.4 % 57.1 ± 8.0 % At least 1 planet with P < 100 days Any masses < 100 days 68.0 ± 11.7 % 68.9 ± 11.6 % F and G stars only Any masses < 100 days 41.1 ± 11.4 % 52.7 ± 13.2 % K stars only < 30 M ⊕ < 100 days 47.9 ± 8.5 % 54.1 ± 9.1 % Super-Earths and Neptune-mass planets on tight orbits < 30 M ⊕ < 50 days 38.8 ± 7.1 % 45.0 ± 7.8 % As defined in Lovis et al. (2009) ( . Despite the rather limited range of stellar masses in our sample, we have tried a comparison of the (m 2 sin i − log P) distribution for dwarf stars of spectral type F and G versus the distribution for K dwarfs. The observed difference of planetary rate (for periods smaller than 100 days) for the two spectral types is however not significant (Table 1) .
The mass distribution
On Fig.10 we have plotted the histogram of masses of the planets detected in our sample. We observe a drastic decline of the observed mass distribution from about 15 to 30 M ⊕ . If we limit the range of orbital periods and only consider planets with P < 100 days (Fig. 11) , a region where the detection bias are not too important for low-mass planets, we immediately observe the preponderant importance of the sub-population of super-Earths and Neptune-mass planets in that domain of periods. After correction of detection biases (Fig. 12) , we see even more clearly the importance of the population of low-mass planets on tight orbits, with a sharp decrease of the distribution between a few Earth masses and ∼ 40 M ⊕ . We note that the planet population synthesis models by Mordasini et al. (2009b) predicted such a minimum in the mass-distribution at precisely this mass range. They also pointed out that a radial-velocity measurement precision of about 1 ms −1 was required in order to detect this minimum. In the framework of the core accretion model, this can be understood by the fact that this mass range corresponds to the runaway gas accretion phase during which planets acquire mass on very short timescales. Therefore, unless timing is such that the gaseous disk vanishes at this moment, forming planet transits quickly through this mass range and the probability to detect these types of planets is reduced correspondingly. In Fig. 12 the importance of the correction of the detection biases below 20 M ⊕ is only the reflection of the present observing situation for which only a limited fraction of the sample has benefited from the large enough number of HARPS measurements, required to detect small-mass objects. Part of this correction is also related to the growing importance of the sin i effect with decreasing masses. Before any bias correction, we can already notice the importance of the sub-population of low-mass planets. We also remark a gap in the histogram between planets with masses above and below ∼30 M ⊕ .
The period distribution of Super-Earth and Neptune-mass planets
The observed distribution of orbital periods for planets less massive than 30 M ⊕ is illustrated in Fig.13 . In Fig. 14, the same dis- tribution is reproduced with a black histogram, to be compared with the histogram after correction for detection incompleteness (red histogram). In agreement with Kepler's preliminary findings (Borucki et al. 2011) , the sub-population of low-mass planet appears mostly confined to tight orbits. The majority of these low-mass planets have periods shorter than 100 days. Low-mass planets on longer periods are of course more affected by detection limits, this is however, at least partly, taken into account in our bias estimate and correction. We conclude that this feature must be real. Figure 15 displays the orbital eccentricities as a function of the planetary mass. We can remark the very large scatter of orbital eccentricities measured for gaseous giant planets, some of them having eccentricities as large as 0.93. Such very large eccentricities are not observed for planets with masses smaller than about 30 M ⊕ for which the most extrem values are limited around 0.45. For low-mass planets the estimation of small orbital eccentricites of the best keplerian fit is biased. For the moment, the eccentricities below 0.2 (and small masses) have to be considered with caution .
Orbital eccentricities of Super-Earth and Neptune-type planets
Fraction of multiplanetary systems with low mass planets
For systems with planets less massive than 30 M ⊕ , the fraction of multi-planetary systems is extremely high. For the 24 concerned systems this fraction exceeds 70 %. It is tempting to have a rate of multi-planetary systems hosting at least one gaseous giant planets. Unfortunately, the optimum observing strategy needed to detect low-mass planets has not been applied to every stars with giant planets in past. Presently, we observe a multiplanetary rate of only 26 % for these planets. This point will have to be revisited with additional precise velocities. For the formation of planetary systems, the existence of systems with one gaseous giant planet with large period and a low-mass planet on a tight orbit could be of interest. A few systems having these 
Host star metallicities as a function of planetary masses
The occurrence rate of giant gaseous planets strongly correlates with the host star metallicity. Large unbiased studies have provided a robust and well-defined relationship between the frequency of gaseous giant planets and the metallicity of their host star (e.g. Santos et al. 2001 Santos et al. , 2004b Fischer & Valenti 2005) . The lack of correlation between the overabundance of heavy elements and the mass of the convective zone of the star (Santos et al. 2004b ) is seen as a strong argument in favour of an origin of the planet-metallicity correlation linked with the primordial abundance of the molecular cloud. For lower-mass planets, already after the very few first detections (Udry et al. 2006) suggested the absence of correlation between the host star metallicity and the presence of low-mass planets. This first claim was later confirmed by (Sousa et al. 2008 ) on a larger but still limited sample. The present analysis of a statistically well-defined, much larger sample of lowmass planets, offers the opportunity to have a much more robust insight in the relation between planet occurrence frequency, host star metallicity, and planet mass. For the analysis, multiplanetary systems will be only characterized by their most massive planet. In Fig. 16 , we can compare the histograms of hoststar metallicities for planets with masses smaller than 30 M ⊕ and its equivalent for gaseous giant planets. On the same plot, the metallicity distribution for the stars in the global combined sample is illustrated for an enlightening comparison. It is however not clear whether we observe a discontinuity in the-host star metallicity distributions with an increasing planetary mass. On  Fig.17 , the ([Fe/H], m 2 sin i) diagram can be used to set a limit between the two regimes of host star metallicity (if such a limit proves to be meaningful!). On the diagram, such a limit can be . This is well in contrast with the situation for stars hosting more massive planets. Interestingly this mass corresponds about to local the minimum in the mass distribution between Neptunes and gaseous giants (see e.g. Fig. 10 or Fig. 11) .
The correlation between the occurrence of giant planets and the metallicity of the host star (i.e. the metallicity of the material in the proto-planetary disc) is a natural outcome of the core accretion planet formation theory. In this paradigm, massive gaseous planets form by runaway gas accretion onto cores exceeding a critical mass, typically of the order of 10 − 20 M ⊕ . The gas accretion from the disc goes on until the disc vanishes, typically after a few million years. Hence, the sooner in the evolution of the disk a critical-mass core can form, the larger the amount of gas that will still be available for accretion. A high metallicity (interpreted as a large dust-to-gas ratio in the models) and/or massive discs favors the early growth of such critical cores. Conversely, lower-mass planets that do not accrete significant amount of gas, can grow their cores over a longer timescale and therefore do not depend as critically upon the metallicity. These effects have been born out in the population synthesis models by Mordasini & al. (2011) .
Planets in the habitable zone of solar-type stars
All the very specific properties of the population of low-mass planets (super-Earths and Neptune-mass planets) are of special interest for constraining the formation of planetary systems. In addition to this, the surveys targeting low-mass planets, in the same way as the parallel efforts aiming to increase the precision of spectrographs optimized for Doppler measurements are pur- . Estimation of the planetary-mass limit between the two regimes for the metallicity dependance of host stars. A vertical line at 30 M ⊕ distinguishes the two populations. We should note that such a limit also corresponds to the gap in the mass distribution (see Fig.10 and 12 ). On the right side of the vertical line we do not observe significant changes of the metallicity distribution above 30 M⊕. We remark that stars with metallicity exceeding 0.15 are for their huge majority associated with planets more massive than 30 M ⊕ .
suing a still more difficult challenge, the detection of Earth twins, rocky planets orbiting stars in the so-called habitable zone, and possibly around stars as close as possible to the Sun. This last condition is of special importance for future experiments aiming at the spectroscopic follow-up of the planet, in order to e.g. characterize its atmosphere. For this long-term goal we would like to contribute to an "input catalogue" with a significant number of entries. Would Doppler spectroscopy have a chance to fulfill such an ambitious goal? At present, already 2 super-Earths located in the habitable zone of their host star have been detected with the HARPS instrument. The first one, Gl 581 d is part of a multi-planetary system hosting 4 low-mass planets. Gl 581 d has been detected by . As a result of the aliasing with the sideral year, its orbital period had to be corrected later (Mayor et al. 2009a ). The minimum mass and orbital period of Gl 581 d are 7 M ⊕ and 66 days. Despite its rather short period the planet appears as the first super-Earth discovered in the habitable zone due to the very late spectral type and low mass of Gl 581 (M5V, 0.3 M ⊕ ). Models of the atmosphere of Gl 581 d have demonstrated the possibility of habitability (Kaltenegger et al. 2011a; Wordsworth et al. 2011; Hu & Ding 2011) . The discovery of another super-Earth in the habitable zone of the same star (G 581 g) was claimed by (Vogt et al. 2010) . Statistical reanalysis of the published velocity data could unfortunately not confirm the detection (Andrae et al. 2010; Gregory 2011; Tuomi 2011) . Doubling the number of available precise HARPS measurements ruled out the existence of Gl 581 g.
A new program to explore the possibility to detect habitable planets orbiting solar-type stars with HARPS started 2 years ago (Pepe et al. 2011) . A measurement strategy is applied to limit the influence of stellar noises (acoustic and granulation noises) and observations are carried out as often as possible, ideally over several years, in order to extract a potential planetary signal possibly hampered by lower frequency noise sources (spots etc). This observing strategy is quite demanding in terms of telescope time, and forced us to limit the size of this precursor sample to only 10 solar-type stars. These 10 stars where selected according to their proximity (< 16 pcs) and for having a low level of chromospheric activity. After only 2 years, already 5 low-mass planets have been discovered orbiting three stars among the ten (Pepe et al. 2011) . We should first mention a 3-planet system hosted by the metal deficient ([Fe/H]= -0.40) star G4V HD 20794. For these three planets the detected very-low radial-velocity amplitudes (0.83, 0.56 and 0.85 ms −1 ) are already impressively small and correspond to masses of (2.7, 2.4 and 4.8 M ⊕ ), respectively. Another low-mass planet has also been detected (Pepe et al. 2011) ; it is hosted by the metal-deficient ([Fe/H] = -0.33) K5V star HD 85512. Once again, the velocity amplitude is smaller than the meter per second (0.77 ± 0.09 ms −1 ). With an orbital period of 58.4 days and a minimum mass of 3.6 M ⊕ , HD 85512 b seems to be located inside, but close to the inner boundary, of the habitable zone of this K5 star (Kaltenegger et al. 2011b) .
Let us notice the proximity to the solar system of Gl 581 (6.06 pcs) and HD 85512 (11.15 pcs), and their age very similar to the Sun's one (5.8 and 5.6 Gyr). The detection of HD 85512 d is close to the HARPS limit of detectability but demonstrates the possibility of detecting super-Earths in the habitable zone of solar-type stars. To evaluate the sensitivity of Doppler spectroscopy to detect super-Earths in the habitable zone we have selected the 10 stars measured with HARPS and having the largest number of measurements. When multiple measurements are done on the same night, with the purpose to reduce the granulation noise influence, these measurements are counted for a single data point. All these stars have been measured more than 165 times during several years. Altogether 29 planets have been discovered orbiting these ten stars. We have evaluated the detection limits for these 10 stars, and sketched them in the m 2 sin i − log P plane (see Fig.18 ). Consodering the actual calendar of measurements of the ongoing HARPS survey, if the number of measurements is large enough (let say larger than 165 per star), we obtain a detection sensitivity close to 100 % for a 10 M ⊕ super-Earth up to orbital periods of one year. The corresponding detection probability is still close to 20 % for a 3 M ⊕ planet.
A new spectrograph called ESPRESSO is presently developed for ESO's VLT at the Paranal Observatory. We can also mention the development of a northern copy of HARPS to be installed on the TNG (3.5-m telescope) at La Palma, Canary Islands. This project should contribute to the radial velocity measurements and mass determination of Kepler mission's planet candidates. Part of the HARPS-N observing time will also be devoted to the detection of Earth twins orbiting solar-type stars in the solar vicinity. We can be confident that in the coming ten to twenty years we should have, by the radial-velocity measurements, an important contribution to a first list of solar-type stars with habitable planets and an estimation of their frequency.
Conclusions
The (still continuing) HARPS survey has already allowed a detailed study of statistical properties of planetary systems over the mass domain from a few Earth masses to several Jupiter masses. This survey provides information over three orders of magnitude of planetary masses. Thanks to the sub-meter-per-second precision of HARPS and the significant number of observing nights dedicated to this survey over the last 8 years, exceptional results have been obtained. The overwhelming importance of the population of low mass planets on tight orbit has been quantified. About 50% of solar-type stars host planets with mass lower that 30 M ⊕ on orbits with period shorter than 100 days. The lower limit for this frequency value is set by a residual detection bias below two to five Earth-masses at periods from few to 100 days. Quite obviously any extrapolation to lower masses in that range of periods would further increase this occurrence rate. On the other hand, because of the possible existence of a population of solid planets with rising density below a few Earth-masses (Mordasini et al. 2009b ) any extrapolation to lower masses is highly speculative. The time being, the presented mass distribution indicates that we are in presence of two populations of planets. They are separated by a "gap" in the mass distribution at about 30 Earthmasses, which cannot be the consequence of a detection bias. These populations have quite different characteristics:
-The population of gaseous giant planets (GGP) with masses above 50 Earth-masses covers the range of periods from days to several thousands of days, but the frequency is rising with the logarithm of the period log P (Fig. 7) . These planets exhibit an upper-mass limit which increases with the orbital period (Fig. 6) . The occurrence rate of GGP is about 14% (m 2 sin i > 50 M ⊕ , P < 10 years). Furthermore, the occurrence rate of GGP is strongly correlated with the host star metallicity (see black histogram in Fig. 12 ). In a systematic survey to search for planets orbiting metal deficient stars, Santos et al. (2011) have detected only three GGP among 120 observed stars. All the three GGP have host star metallicities close to -0.5 dex, which was the upper limit set to the metallicity of the host stars in that survey. It seems that the observations set some lower limit to the host star metallicity (and supposingly to the accretion disk) to allow for the formation of GGP. Finally, we observe in this sample that the distribution of orbital eccentricities exhibits a large scatter and may attain values even larger than 0.9. -The population of Super-Earth and Neptune-type planets (SEN) with masses less than about 30 to 40 Earth-masses behaves quite differently. About 50 percents of solar-type stars host at least one super-Earth or Neptune. The mass distribution is strongly decreasing from 15 to 30 M ⊕ despite the fact that they would be detected much more easily (Fig. 8 and Fig. 10) . Also, the SEN population seems to prefer intermediate orbital periods from 40 to 80 days once corrected for (Fig. 12) , their frequency decreasing on both ends toward shorter and longer periods. Opposite to GGP, the occurrence rate of SEN does not exhibit a preference for metal rich host stars. The difference between both populations of planets is striking (see the host-star metallicity histogram in Fig. 16 ). The median metallicity for solar-type stars host of SEN planets is close to Fe/H = -0.1. A significant number of SEN have host stars as metal deficient as -0.4 dex. It must be recalled here that only the most massive planet of a multi-planetary system is used for that comparative study of GGP versus SEN systems. A systematic search is continuing with HARPS (Pi N.Santos) to explore the occurrence of SEN hosted by very metal-deficient stars. At present the lower limit of host-star metallicity needed to form a planetary system remains unknown. A short final word should be spent on eccentricities of SEN. They are clearly different from zero in many cases, but in contrast to GGP they are limited to more modest values up to 0.45.
It is interesting to note that our estimation for the occurrence rate of low-mass planets with periods shorter than 100 days is larger than 50 percents. This value is remarkably different from the estimation resulting from the Kepler mission. One simple explanation could come from the fact that Doppler surveys determine planetary masses while the transit searches measure planetary diameters. An interesting alternative to reconcile both estimations of planet occurrence has been proposed by Wolfgang & Laughlin (2011) : The apparent difference could be the result of (at least) two distinct types of planets resulting from multiple formation mechanisms involved in the production of superEarths.
The observed planetary populations with their specific characteristics should help in constraining the physics of planetary formation. The discovery, by Doppler spectroscopy, of two planetary systems with super-Earths in the habitable zone (Gl 581 d and HD 85512 b) confirms the potential of that technique to identify planets around very close solar-type stars, which are suitable candidates for future experiments designed to detect spectroscopic signatures of life.
Acknowledgments
We are grateful to the technical and scientific collaborators of the HARPS consortium at ESO who have contributed with their extraordinary passion and competences to the success of the HARPS project. We acknowledge as well our colleagues of the Geneva Observatory for the dedicated work in the construction and maintenance of the EULER telescope and the CORALIE spectrograph during so many years. We would like to thank the Swiss National [2] Poor coverage or sampling inducing poorly constrained orbital parameters, in particular eccentricity.
References
[3] Peak in the RV GLS at periods corresponding to stellar rotation but not overlapping with orbital period of planetary companions. Most probably responsible for excess jitter.
[4] Peak at orbital period in the RV GLS has correspondence with peak at the same period in the R'HK GLS. However, after subtraction of the other companions, no correlation is detected between the RV residuals and R'HK.
[5] Semi-amplitude value of same level than (o-c) rms. [2] Poor coverage or sampling inducing poorly constrained orbital parameters, in particular eccentricity.
[5] Semi-amplitude value of same level than (o-c) rms. 
